Purpose This study aimed to determine whether the Physical Activity and Lymphedema (PAL) trial weight training program for breast cancer survivors at risk of or with breast cancer-related lymphedema provided skeletal benefits. Methods Of the 295 participants in the randomized controlled PAL trial, 258 (weight training; N=128; control, N=130) had complete measures of bone mineral density (BMD (in grams per square centimeter)) of the proximal femur and lumbar spine and were also categorized by T scores. Women in the weight training group performed slowly progressive weight training 2 days/week for 12 months compared to women in the control group who maintained their usual physical activities. Results There were no significant differences in the rate of BMD change at any skeletal site between weight training and control groups, regardless of menopausal status. Distribution of bone health categories was not significantly different between groups at baseline, but became different at 12 months (p<0.03) among postmenopausal women due to an increase in the percentage of controls who became osteopenic (35 to 44 %) compared to stable bone health in weight lifters. Conclusions The PAL weight training program that increased muscle strength without exacerbating or causing lymphedema among breast cancer survivors was not as efficacious at improving skeletal health. The skeletal loads produced from the PAL program may be insufficient to notably shift BMD, but may have a subtle osteogenic effect. Implications for cancer survivors The safety and efficacy of rigorous weight training programs for improving skeletal health in women at risk for or with breast cancer-related lymphedema remain to be determined.
Introduction
Breast cancer survivors are at an increased risk of fractures and poor physical functioning compared to other women who have not been treated for cancer [1] . The risk of hip fracture increases by 55 % following a diagnosis of breast cancer (HR=1.55; confidence interval (CI), 1.13-2.11) [1] , while breast cancer survivors are 37 % more likely to report a limitation in their physical functioning compared to other women (OR for any functional limitation, 1.37; 95 % CI= 1.14, 1.65) [2] . Losses of bone and muscle mass that result directly from the catabolic effects of treatment and indirectly from declines in physical activity likely underpin breast cancer survivors' elevated risk of fracture and functional limitations [3] [4] [5] [6] [7] . Adjuvant chemotherapy has been associated with small, but clinically relevant loss of bone mineral density [8, 9] and lean body mass [9] [10] [11] . When chemotherapy also results in premature ovarian failure from chemotherapy and/ or when women are prescribed an aromatase inhibitor as adjuvant endocrine therapy, bone loss is further accelerated [4, 8, [12] [13] [14] . Breast cancer survivors who become or remain inactive posttreatment may experience additional musculoskeletal declines related to disuse.
Exercise training is a recommended lifestyle approach to preserve musculoskeletal mass and function in adult women and is now being explored as a strategy to reverse bone and muscle loss and functional declines related to cancer treatment [15] [16] [17] [18] [19] [20] . Resistance exercise produces an ideal musculoskeletal stimulus for reversing bone and muscle loss associated with cancer treatment. However, concerns over the safety of resistance training for women with or at risk for breast cancerrelated lymphedema require attention to both safety and efficacy in the design of resistance training trials that aim to improve multiple outcomes in women with breast cancer. The Physical Activity and Lymphedema study was a randomized trial to determine whether resistance training (i.e., weight training) was safe for breast cancer survivors with or at risk of lymphedema [21, 22] . Following 1 year of slowly progressive weight training, women with stable lymphedema at baseline had reduced lymphedema symptoms and 50 % fewer lymphedema exacerbations than control women [22] . Among women with no lymphedema at baseline, the incidence rates of lymphedema during the trial were similar among weight training and control groups [21] . Among the subset of women with no lymphedema at baseline who had five or more lymph nodes removed, incidence rates of lymphedema were reduced by 70 % within the weight training compared to the control group. Women in the weight training group improved their muscle strength and body image significantly more than control women, regardless of baseline lymphedema status [23] .
The Physical Activity and Lymphedema (PAL) trial also included secondary measures of body composition by dualenergy X-ray absorptiometry (DXA) to evaluate the effect of weight training on fat and lean mass. Among women at risk for breast cancer-related lymphedema, weight training significantly reduced the percent of body fat compared to controls [21] , but had no similar effect among women with breast cancer-related lymphedema [22] . In addition to the assessment of body composition from whole body DXA scans, regional scans of the proximal femur and lumbar spine were conducted to explore any potential benefit of weight training in the PAL trial on bone mineral density (BMD) at these clinically relevant skeletal sites. The purpose of this study is to evaluate whether the PAL program that has shown safety and efficacy for improving lymphedema outcomes, body image, muscle strength, and body composition could also improve hip and spine BMD-a clinically relevant outcome for breast cancer survivors.
Methods

Design
The PAL trial was a randomized controlled trial to assess the safety and efficacy of twice-weekly progressive moderateintensity weight training on lymphedema outcomes in breast cancer survivors at risk for breast cancer-related lymphedema, or with stable breast cancer-related lymphedema, compared to standard care [24] . Details and primary outcomes of this study are published elsewhere [21, 22] . The purpose of this analysis is to assess the effect of this progressive weight training intervention on secondary outcomes relevant to bone health.
Study participants
This analysis was conducted from a dataset of 295 breast cancer survivors who participated in the PAL trial (Fig. 1) . The inclusion and exclusion criteria have been published [24] . Participants were female breast cancer survivors at risk for (n=154) [21] or with stable (n=141) [22] breast cancer-related lymphedema. Additional eligibility criteria included (1) absence of active disease, (2) minimum of one lymph node removed, (3) no medical conditions or contraindicated medications that would prohibit participation in an exercise program, (4) BMI ≤50 kg/m 2 , (5) no plans for surgery during the intervention period, (6) no weight training during the previous year, and (7) stable weight and not currently attempting to lose weight. Minimization computer software was used to randomize participants to the intervention or control group. The study protocol was approved by the University of Pennsylvania Institutional Review Board and written consent was obtained from all participants.
Measures
Study measures were completed at baseline and 12 months post-randomization. Demographic characteristics, treatment history, and menstrual status were collected through selfreport. Cancer staging and number of lymph nodes removed were obtained from surgical pathology reports, state cancer registries, and/or self-report.
Bone health
Whole body and regional (proximal femur (greater trochanter, femoral neck, and total hip)) and lumbar spine (L 1 -L 4 ) BMD (in grams per square centimeter) was assessed by DXA (Hologic Discovery, software version 12.4). All scans were performed by the same technician and subsequently analyzed by a different, single technician according to manufacturer's protocols. In addition to BMD, we reported bone health as categories based on T scores according to World Health Organization guidelines [25] .
Anthropometry
Height and body weight were assessed with participants in hospital gowns without shoes and at full inhalation using a scale-mounted stadiometer and calibrated digital scale.
Physical activity and dietary intake
Physical activity and dietary intake were measured by selfreport. Physical activity outside of the prescribed exercise session was assessed using the long-form self-administered International Physical Activity Questionnaire [26] . Habitual food and nutrient intake was assessed using the Diet History Questionnaire that asks questions about the type and amount of foods consumed in the past 12 months [27] . Of interest for this analysis were total energy intake (in kilocalories per day) and calcium intake (in milligrams per day) so that we could evaluate each as potential confounders of intervention effects.
Intervention
Independent of group assignment, all participants were required to attend a 1-h educational lecture (lymphedema education session) based on material from the National Lymphedema Network [28] and led by the study investigator (K.H.S.). The study investigator (K.H.S.) also facilitated a 3-day training session for the certified fitness trainers who delivered the intervention in local YMCAs. Participants attended supervised, small group (N=2-6) strength training sessions during the first 3 months and then continued to strength train unsupervised for the remaining 9 months. The study team maintained contact with participants via telephone or email during the unsupervised portion. Exercise sessions were 60-90 min including a 5-10 min aerobic warm-up, stretching (beginning and end of session), and core training (for stability). Details of the complete protocol have been published [24] . Briefly, weight training exercises were performed using variable resistance machines and free weights. The prescribed weight training exercises included the bicep curl, triceps pushdown or kickback, lateral or front shoulder raise, seated row or one-arm row, chest press, back extension, and seated leg press, extension, and curl. Participants started with no weight or one-pound weights for each upper body exercise. The weight was increased by one-half to one-pound increments per week as long as there were no changes in lymphedema-related symptoms. Participants increased resistance for upper body exercises in the smallest possible increment when a participant lifted the same weight 10-12 times across the three sets for four consecutive weeks. For each lower body exercise, participants lifted a weight they could move eight to ten times, building up to three sets per exercise. There was no upper limit on the maximum weight lifted over 1 year.
Statistical analyses
Descriptive statistics reported for baseline variables include rates for categorical variables and means and standard deviations for continuous variables. Univariate analysis included t tests for continuous variables and chi-square test for categorical variables. Mixed models were utilized to estimate the change in BMD using a group by time interaction term. All mixed models controlled for potential confounding by demographic and clinical variables. Model fit was assessed using the Akaike and Bayesian information criterion methods. Sensitivity analysis was conducted using generalized estimating equations with exchangeable and autoregressive correlation matrices; the study findings and conclusions did not differ To determine whether the available sample was sufficient to detect significant group × time differences in BMD, we used data from a similar controlled trial in breast cancer survivors [16] . A sample size of n=25 would provide power >0.90 to detect a 2 % difference in BMD change over 12 months between groups with α<0.05.
Results
Among 295 breast cancer survivors in the PAL trial, those who had both a pre-and post-DXA scan (n=258; weight training, N=128; control, N=130) were included in this ancillary analysis (Table 1) . On average, participants were in their mid-50s, overweight, mostly postmenopausal, and most likely to have had stage I or III breast cancer. Baseline bone health and dietary intake did not significantly differ between the weight training and control groups. On average, women had normal skeletal health (T score≥−1.0) but reported calcium intakes that were 40 % below the current RDI for calcium (1,200 mg/day) ( Table 2) .
Adherence to weight training averaged 72 % over the 12-month study period, but was greater over the first half (82 %) than the last half (58 %) of the intervention. Reported energy and calcium intakes decreased over the intervention period, but these changes were not significantly different between groups.
BMD T scores of the hip and spine among post-and premenopausal women are shown in Table 3 . The distribution of women within bone health categories (normal, osteopenic, and osteoporotic) did not differ between intervention groups at baseline (Table 3) . However, at 12 months, there was a significant difference between the weight training and control groups for the distribution of postmenopausal women across bone health categories (p=0.03). Eight women in the control group shifted from normal to the osteopenic category, whereas the proportion of women across bone health categories among weightlifters remained the same as baseline. BMD outcomes among post-and premenopausal women in the weight training and control groups were similar at baseline and after the intervention period (Tables 4). Over the 1-year intervention, BMD decreased at all skeletal sites among postmenopausal women and at the lumbar spine in premenopausal women in both intervention and control groups ( Table 4 ). The direction of changes in BMD within hip sites among premenopausal women was more variable. None of the observed changes were significantly different between groups (p>0.05).
Discussion
The PAL trial demonstrated that breast cancer survivors with or at risk of breast cancer-related lymphedema could safely weight train at a rate and level sufficient to increase muscle strength, improve body image and lymphedema outcomes, and that among women at risk of lymphedema only, weight training also reduced the percentage of body fat [21, 22] . When considering additional outcomes reflecting skeletal health in this analysis, the PAL training program did not have a significant effect on BMD of the hip and spine. However, subtle changes in BMD were enough to cause a shift in the distribution of bone health categories that favored the postmenopausal trainees. Over the 1-year study period, more women in the control group moved from being normal to being osteopenic at the spine compared to women in the weight training group whose status did not change (Table 3) . There was no notable shift in the number of women classified as osteoporotic between groups at either skeletal site.
The absence of a significant training effect from the PAL weight training program on BMD is congruent with other studies in women cancer survivors that used resistance training programs of similar intensity and nature of mechanical loading. In women undergoing chemotherapy for cancer, Schwartz et al. [29] used a home-based program of resistance bands that apply low to moderate loads with exercises that did not specifically use musculature with attachments to the spine (i.e., leg extensions, bicep curls) and found no training effect on spine BMD [29] . Similarly, Waltman reported that among postmenopausal breast cancer survivors initiating bisphosphonate therapy, no additional gains in BMD were achieved from 24 months of resistance exercise that was low to moderate intensity, used mostly seated resistance machines, and included only two exercises that engaged muscles with bony attachments at the hip or spine [30] . Across these trials, the resistance training programs effectively improved muscle strength suggesting that an adequate muscular stimulus was achieved and, importantly, that the level of training could be performed 
Values are presented as mean ± standard deviation or n (%) without initiating or exacerbating lymphedema in women with breast cancer. However, the absence of any measurable effect on BMD from these training programs most likely reflects the adaptive nature of bone, that is distinct from muscle, and requires sufficiently high loads delivered in specific loading patterns to produce significant BMD change. Numerous systematic reviews and controlled trials in women without cancer have identified the key elements of osteogenic exercise training programs [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Those key elements are that moderate to high bone loading forces are applied through impact, resistance, and weight-bearing endurance activities and that loads are applied in a fashion that specifically loads a target bone [9, 42] . The PAL weight training program was designed to start at a low intensity and progress very gradually so that strength could be increased over 12 months without risk of causing or worsening lymphedema, and thus, the magnitude of loading may have been too low to significantly shift BMD. The program was also designed to increase total body strength of both central and peripheral musculature so exercises targeted a variety of muscle groups rather than targeting muscles with bony attachments to the proximal femur or lumbar spine, limiting loading at these clinically relevant sites. Lower body exercises were largely performed in the seated position which reduces to the total forces applied to the hip compared to standing lower body programs [9] . Other controlled trials in breast cancer survivors, where training programs were specifically designed to provide targeted loading to the hip and spine and followed training principles recommended for skeletal adaptations, have demonstrated that combined loading programs of resistance + impact or aerobic + impact exercise can significantly increase and/or preserve BMD at the hip and spine [15] [16] [17] . Thus, the innate adaptive capacity of the skeleton may remain relatively unchanged from cancer treatment, but still requires that exercise generate sufficient levels of loading delivered to specific skeletal sites in order to be significantly osteogenic.
While the PAL training program did not significantly change BMD after 12 months of training, there were apparently subtle enough effects of training among a proportion of participants to affect the clinical status of bone health at the spine. Among postmenopausal trainees, a higher proportion of women with lumbar spine T scores in the normal category retained this status over 12 months compared to women in the control group where more women became osteopenic over time. In contrast to comparison of group mean changes in BMD over time that may mask positive intervention effects among individuals, analysis of the distribution of bone health categories can better illustrate the effect of training on subgroups of participants. To that end, it appears that the PAL intervention may have been able to slow the shift from normal to osteopenia at the spine in postmenopausal women. The clinical relevance of this finding is unclear since the change in Tscores among the control group is below that which would indicate clinical recommendations or intervention [43] . While our observations are encouraging, the number of comparisons performed raises the chance for a type I error, and thus, additional studies are warranted to confirm our findings.
This ancillary analysis on the potential additional skeletal effects of a weight training program designed to safely improve muscle strength in breast cancer survivors at risk or with breast cancer-related lymphedema capitalized on the opportunity to evaluate the multiple benefits of physical activity in a large, controlled trial. The sample size in the study was sufficiently large and the training program of sufficient length to evaluate changes in BMD from exercise [18] . Additional analysis evaluating pre-and postmenopausal women separately and accounting for changes in calcium intake and physical activity outside the intervention helps ensure that potential moderators of the bone response to exercise were considered. The PAL weight training intervention was not specifically designed to meet the recommended training principles for the design of programs targeting skeletal health, rather it was designed to evaluate the safety of slowly progressive resistance exercise for women with or at risk of breast cancerrelated lymphedema and the efficacy of this program to improve muscle strength. Though the program did not significantly change BMD among breast cancer survivors, preservation of the clinical status of bone health at the spine among trainees suggests that future studies with similar programs and/or that evaluate the effectiveness of PAL in community settings continue to consider a potential benefit of long-term participation on skeletal health.
